. including IL-1 and IL-2, have been reported to inhibit such apoptosis. In this study we show that IL-4 also reduced the DNA fragmentation characteristic of dexamethasone (DEX)-induced apoptosis in thymocytes. This effect, studied in both time-course and dose-response experiments, was also detected at low IL-4 concentrations POPTOSIS is characteristic of lymphocyte death after A antigen receptor stimulation in immature thymo~y t e s , ' -~ as well as that provoked by glucocorticoid hormones (GCH).5,6 In vitro treatment of thymocytes with anti-CD3 monoclonal antibodies (MoAbs) or GCH results in extensive DNA fragmentation followed by cell death. The mechanisms of apoptosis induced by T-cell receptor (TcR) activation or GCH treatment are similar. In fact, both processes are blocked by D-actinomycin, cycloheximide, Zn++ ions and interleukin IL-1, IL-2, and IL-3 have been shown to protect thymocytes, T-cell hybrids, and tumor cell It would seem that ILs modulate apoptosis and, hence, are involved in intrathymic T-cell maturation.
I993 by The American Society of Hematology.
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(1 U/mL) and against high DEX levels mol/L). The effect of IL-4 was blocked by an anti-IL-4 but not by an anti-IL-la MoAb. and was thus both specific and direct. Phenotypic analysis showed that IL-4 protects predominantly CD4-CD8-and CD4+CD8-cells. Our findings suggest that intrathymic T-cell development may be influenced 0 1993 by The American Society of Hematology.
by IL-4.
tered, and adjusted to a concentration of 1.5 X IO6 cell/mL in RPMI-1640 medium supplemented with 5% fetal calf serum (FCS) and IO mmol/L HEPES buffer. In some experiments, thymocytes from 15-to 17-day-old fetuses were used.
Aliquots of 2 mL thymocytes were incubated at ?7"C with DEX (at concentrations from lo-' to IO-'' mol/L), or DEX plus mouse recombinant IL-4 or IL-la (Genzyme Corp, Maidstone, UK). In some experiments, MoAbs against mouse IL-4 or against mouse IL-1 (Genzyme) were added. At preestablished times, the cells were centrifuged at 2008 for IO minutes, washed, and processed (see below).
Both cell recovery and viability (as evaluated by the trypan blue exclusion test) of recovered cells were evaluated in each experiment, giving reproducible data similar to the following results: thymocytes incubated for 12 hours at 4°C had between 95% and 89% cell recovery with a viability ranging from 94% to 88%: incubated at 37°C had between 90% and 87% cell recovery with a viability ranging from 86% to 85%: incubated at 37°C with DEX (lo-' mol/L) had between 73% and 70% cell recovery and a viability ranging from 57% to 53%; incubated with DEX plus IL-4 (100 U/mL) between 92% and 90% cell recovery and a viability ranging from 79% to 75%. The above results are from a representative experiment using four samples for each group.
To evaluate the effect of IL-4 on anti-CD3-induced apoptosis, 24-well plates were coated with 1 mL of anti-CD3 MoAb (300 ng/mL) (Boehringer Mannheim, Germany) at 37°C for 60 minutes and rinsed with phosphate-buffered saline (PBS) containing I% FCS at 37°C for 60 minutes. Aliquots of 0.5 mL (4 X 106/mL) thymocytes were incubated in these wells for 24 hours with or without 100 U/mL IL-4.
Apoptosis was measured by flow cytometry according to a previously published procedure.19 Briefly, the pellets were gently resuspended in 1.5 mL hypotonic solution of propidium iodide (PI, 50 pg/mL in 0.1 % sodium citrate plus 0.1% Triton X-100; Sigma, St Louis, MO), and the tubes placed at 4°C in the dark overnight. The PI-fluorescence of individual nuclei was measured by flow cytometry by a fluorescence-activated cell sorter (FACS) scan (Becton Dickinson, Mountain View, CA). The nuclei traversed the light beam of a 488 nm Argon laser. A 560 nm dichroid mirror (DM 570) and a 600 nm band pass filter (band width 35 nm) were used for collecting the red fluorescence caused by PI staining of DNA and the data registered in logarithmic scale. All data were recorded in a Hewlett Packard (HP 9000, model 310; Palo Alto, CA) computer. The percentage of apoptotic cell nuclei (subdiploid DNA peak in the DNA fluorescence histogram) was calculated using specific FACScan research software ( W o n Dickinson).
Colorimetric DNA-fragmentation assay and DNA electrophoresis. DEX-induced apoptosis was measured in selected experiments, both by flow cytometry and in a classic colorimetric DNA-fragmentation assay." Briefly, cell suspensions were divided into two aliquots, and the pellets either resuspended in PI fluorochrome solution for flow cytometry or dissolved in hypotonic lysing buffer (Tris 10 nmol/ L, EDTA 1 nmol/L, Triton X-100 0.2%). Intact and fragmented DNAs DNA labeling technique andfrow cytometry. were separated by centrifugation at 13.000~ for IO minutes and measured by the diphenylamine reaction." Percent fragmentation was calculated as the ratio of DNA in the 13,000~ supernatants versus the total DNA (supernatants plus pellets). DNA electrophoresis was performed using IO X IO6 thymocytes incubated at 37°C in medium alone, IO-' mol/L DEX-supplemented medium, and medium containing IO-' mol/L DEX plus 100 U/mL IL-4 or IL-10. Cells were washed, centrifuged at 200g for IO minutes, and dissolved in hypotonic lysing buffer (100 mmol/L NaCI, IO mmol/L Tris. I mmol/L EDTA, I% sodium dodecyl sulfate [SDS] . 50 pg/mL proteinase K. pH 7.5). Samples were extracted once with phenol plus chloroform ( l : l , vol/vol) and then with chloroform. RNAse A ( I O pg/mL) was added to each sample and DNA was extracted with phenol plus chloroform and then with chloroform, and Pellets were air dried, dissolved in 10 mmol/L Tris-HCI, 1 mmol/L EDTA (pH 8) at 4"C, and the DNA concentration determined by absorbance at 260 nmol/L with a Perkin Elmer spectrofluorimeter (Nonvalk, CT). Twenty micrograms of DNA were mixed with 25% Ficoll400 (Pharmacia, Uppsala, Sweden), 0.25% bromophenol blue, and 0.25% xylene cyano1 (loading buffer) and loaded into wells of 1.8% agarose gel. The same amount of DNA was loaded in each lane. Electrophoresis was performed in TBE buffer (2 mmol/L EDTA, 89 mmol/L boric acid, 89 mmol/L Tris, pH 8.4), and DNA was visualized by ethidium bromide staining.
Thymocytes were isolated and incubated as described above. After 12 hours incubation in medium, or medium plus IO-' mol/L DEX with or without 100 U/mL IL-4, they were washed with RPMI-1640, passed through nylon wool columns, washed twice, resuspended in 50 pL RPMI-1640 medium, and stained with fluorescein isothiocyanate (F1TC)-labeled antibody to mouse CD8 (53.6.7, Becton Dickinson) and R-phycoerythrin (PE)-labeled antibody to mouse CD4 (GK 1.5, Becton Dickinson). The cells were incubated for 30 minutes at 4"C, washed twice with ice-cold PBS buffer and resuspended in PBS supplemented with 0.5% (vol/vol) paraformaldehyde. Unstained thymocytes treated similarly served as autofluorescence controls, and thymocytes stained with nonreactive FITC-and PE-conjugated antibodies as controls Characterization of thymocyte subpopulations.
for nonspecific staining. Cell fluorescence was analyzed by standard flow cytometry on a FACScan apparatus (Becton Dickinson).
CD4+CD8-and CD4--CD8-thymocytes were purified from 4-to 5-week-old C3H mice.
Thymocytes were incubated at a concentration of 2 X IO7 cells/mL with 10 pg/mL of 53.6 (rat IgG anti-mouse CD8 antibody). Cells binding the antibodies (CD4+CD8+ and CD4-CDV) were depleted using magnetic beads conjugated with goat anti-rat IgG (Advanced Magnetics, Cambridge, MA) and a Magnetic Particle Concentrator (DYNAL MPC-6; Dynal Inc, Great Neck, NY), following the manufacturer's recommendations. The procedure was repeated twice. Before cultivation, cells were analyzed by FACS for CD4 and CD8 expression to show removal of the CD4+CD8+ and CD4-CD8+ subsets (see Fig 7.4) .
Results are the mean k SD. Because of the non-normal distribution of the data, nonparametric tests (KruskallWallis' analysis of variance) were adopted for statistical evaluation.
Pur$cation of thymic subpopulations.
Statistical analysis.
RESULTS
Initially we studied the effect of 100 U/mL IL-la or IL-4 on DNA fragmentation induced by exposure to lo-' mol/L DEX for 8 hours. Figure IA shows that DNA was strongly degraded with the oligonucleosomal ladder pattern typical of apoptosis. Fragmentation was reduced by IL-4 and, to a lesser extent, by IL-la.
To better evaluate this phenomenon, thymocytes incubated in medium alone or medium plus IO-' mol/L DEX with or without IL-la or IL-4 were analyzed cytometrically using a recently described method," that measures the DNA content of isolated nuclei stained with propidium iodide in hypotonic solution (Fig 1B) . Thymocytes incubated in medium alone gave both a high, narrow diploid DNA peak, and a low, broad peak representing hypodiploid apoptotic cells. The percentage of diploid nuclei was greatly reduced in DEX-treated thy- For mocytes and the hypodiploid peak was markedly increased. Apoptosis was significantly reduced by IL-4 and to a lesser extent by IL-la. Quantitative measurement with the classic colorimetric DNA fragmentation assayZo gave similar results (data not shown).
The effect of DEX is time-dependent in that the percentage of apoptotic nuclei, measurable at 8 hours, is maximal (over 95% apoptotic cells) after 24 hours (Fig 2) . Addition of cycloheximide completely blocked apoptosis. IL-4 substantially inhibited DEX-induced apoptosis at all tested times (maximum at 12 hours). IL-1 a had an effect appreciable at 8 hours only. mol/L) showed that, after 12 hours, IL-4 always gave a marked protection, whereas IL-1 a prevented apoptosis induced by mol/L DEX, but was ineffective against lo-' mol/L (Fig 3) .
Inhibition by different IL-4 concentrations of apoptosis induced over 12 hours by mol/L DEX is shown in Fig  4. IL-4 provided a dose-dependent protection detectable with 1 U/mL, maximal with 100 U/mL. The protective effect of Tests with varying concentrations of DEX (IO-" to IL-4 also remained unequivocal even after 24 hours (data not shown).
The specificity of the I L 4 inhibition was tested by studying the effects of MoAb directed against IL-4 and IL-1 a. Addition of anti-IL-4 MoAb almost completely abolished the protection provided by IL-4. The same concentration of an anti-IL-1 a MoAb had no appreciable effect (Fig 5) . IL-4 was also able to protect against TCR-mediated apoptosis. Incubation of mouse thymocytes in anti-CD3 MoAbcoated Petri dishes resulted in a significant increase in the percentage of apoptotic nuclei (20.4 -+ 3.0 in untreated controls, 49.1 -+ 4 in anti-CD3-treated cultures) that was reduced by addition of 100 U/mL IL-4 (38.5 -+ 5%).
DEX-treatment results in a dramatic reduction of the double-positive fraction and a relative increase in the percentage (Fig 6) . However, the absolute number of single-positive and double-negative cells was reduced (Table 1) indicating that DEX induces apoptosis in these thymic subsets as well.
Interestingly, addition of 100 U/mL of IL-4 results in partial inhibition of the DEX-induced apoptosis. However, thymocytes at distinct stages of differentiation are differently affected. In fact, whereas the absolute number of doublepositive and CD8 single-positive is only slightly increased by IL-4, CD4+CD8-and CD4-CD8-are almost completely protected from corticosteroid-promoted cell death (Table 1 ) . Consequently, the percentages of CD4+CD8+ and CD4-CD8' thymocytes are relatively decreased. We also performed experiments after removal of CD8TD4-and CD4'CD8+ cells to study the antiapoptotic effect of IL-4 on CD4 single-positive and double-negative thymocytes (Fig IA) . As shown in a rep- resentative experiment, IL-4 completely or strongly protects from Dex-induced cell death, mature CD4 single-positive and immature double-negative thymocytes, respectively (Fig 7B) . Of some note, 1L-4 did not inhibit DEX-dependent cell death when day 17 fetal thymi were used as a source of enriched CD4+CD8' thymocytes (data not shown). Taken together, these data suggest that double-negative and CD4+CD8-single-positive cells are more sensitive than double-positive and CD8TD4-cells to the antiapoptotic activity of IL-4.
DISCUSSION
Evidence is accumulating that IL-4 plays a role in T-cell de~elopment.'~-'~ IL-4, like IL-2, has been found to promote the growth of various adult thymocyte s u b~e t s , '~-l~ and to trigger both the growth and differentiation of fetal intrathymic CD4-CD8-T-cell precursor^.'^ Furthermore, it has been shown that IL-4 is produced, and specific IL-4 receptors expressed, at an early stage of intrathymic development in the mouse."j-"
Because one of the mechanisms through which IL-4 may promote the growth of T-cell progenitors is by protecting them against apoptosis, we studied the effects of different concentrations of IL-4 on DEX-induced apoptosis in mouse thymocytes. By activating specific endonucleases that provoke extensive DNA fragmentation, GCH exert a potent cytolytic effect on immature T Because T-cell receptor activation, Ca2+ ionophores, and GCH provoke apoptosis through similar GCH-induced killing has been used to evaluate the protection that IL-1 and IL-2 afford to both thymocytes and T-cell hybrid^.^-^ The present study shows that IL-4 protects thymocytes from apoptosis. This protection was clearly evident at high DEX concentrations ( mol/L), was still detectable after 24 hours and was highly specific because it was completely inhibited by anti-IL-4 antibodies. Maximum activity was obtained with 100 U/mL, but even 1 U/mL had a measurable effect. IL-4 also showed a protective effect against apoptosis induced by anti-CD3 MoAb, suggesting a potential physiologic role for IL-4 in the process of thymic selection of T-cell precursor^.^^-^^ Support for this view comes from the recent demonstration that IL-1 and IL-2 block TcR-mediated apoptosis in human thymocyte^.'^'^ IL-la has been reported to inhibit apoptosis induced by anti-CD3 MoAb, Ca2+ ionophore or methylprednisolone in human thymocytes7 and here we describe a similar effect on mouse thymocytes treated with DEX. However, because mice lacking the IL-4 gene display normal thymic d e~e l o p m e n t ,~~ the supposed biologic function of this factor must be effectively substituted by alternative pathways in vivo in IL-4-deficient mice. On the other hand, the IL-4 role could become more apparent in an in vitro system where those alternative mechanisms might not be operating.
Flow cytometric analysis of double-color (CD4/CD8) stained thymocytes showed that CD4+CD8+ thymocytes are the main target for DEX. However, despite a relative increase in their percentages because of a marked decrease in the number of CD4+CD8+ cells, the number of CD4-CD8-, CD4+CD8-and CD8+CD4-cells that survived DEX treatment was also reduced. Our results are in line with those of Tadakuma et that CD4+CD8+ cells are preferentially diminished when DNA fragmentation is induced by phorbol 12-myristate 13-acetate (PMA), Ca2+ ionophores, and anti-CD3 antibodies, although these agents also killed cells of other subsets, particularly CD8+CD4-, at a lower rate.
Experiments performed using total or purified thymic subpopulations seem to indicate that double-negative and CD4+CD8-single-positive subsets are the main targets of the protective effect of IL-4. This is not an unexpected finding because CD4-CD8-thymocytes express high affinity receptors for IL-4," and it has been suggested that IL-4 may be an essential growth factor in the early steps of T-cell differentiation.13J5Js
This newly described function for I L 4 tempts us to propose that it contributes to controlling the pathway whereby the thymocyte becomes a fully immunocompetent T cell. However, its physiologic role in the process of T-cell development in vivo remains a matter of conjecture.
